Several lines of evidence indicate that LTP in the hippocampus is associated with a change in the properties of postsynaptic glutamate receptors. In the present study, we used quantitative autoradiography to examine the binding properties of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and N-methyl-D-aspartate subclasses of glutamate receptors in frozen brain sections obtained from rats in which perforant-path LTP LTP of excitatory synaptic transmission in the hippocampus is an enduring form of synaptic enhancement that may underlie some forms of mammalian learning and memory (1, 2). While consensus has been reached on the cellular mechanisms involved in triggering LTP, the nature of the persistent synaptic modification underlying the expression of LTP is still a matter of debate (3). There is a growing body of evidence that LTP is expressed, at least in part, by a persistent modification of postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors, a subclass of ionotropic glutamate receptors (4-9). This modification may be variously expressed as an increase in the binding affinity of AMPA receptors, an increase in the number of AMPA binding sites, or a change in the kinetics of AMPA receptor-gated ion channels. To further restrict these possibilities, we have examined the binding properties of postsynaptic AMPA and N-methyl-D-aspartate (NMDA) receptors (another subclass ofionotropic glutamate receptors) in frozen brain sections following perforant-path LTP induction in vivo. We report a selective increase in hippocampal AMPA receptor binding following perforant-path LTP induction that is apparently mediated by an increase in the number of AMPA binding sites. These results suggest that a change in the binding properties of AMPA receptors contributes to the enhanced synaptic transmission observed at hippocampal synapses following LTP induction.
LTP of excitatory synaptic transmission in the hippocampus is an enduring form of synaptic enhancement that may underlie some forms of mammalian learning and memory (1, 2) . While consensus has been reached on the cellular mechanisms involved in triggering LTP, the nature of the persistent synaptic modification underlying the expression of LTP is still a matter of debate (3) . There is a growing body of evidence that LTP is expressed, at least in part, by a persistent modification of postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors, a subclass of ionotropic glutamate receptors (4) (5) (6) (7) (8) (9) . This modification may be variously expressed as an increase in the binding affinity of AMPA receptors, an increase in the number of AMPA binding sites, or a change in the kinetics of AMPA receptor-gated ion channels. To further restrict these possibilities, we have examined the binding properties of postsynaptic AMPA and N-methyl-D-aspartate (NMDA) receptors (another subclass ofionotropic glutamate receptors) in frozen brain sections following perforant-path LTP induction in vivo. We report a selective increase in hippocampal AMPA receptor binding following perforant-path LTP induction that is apparently mediated by an increase in the number of AMPA binding sites. These results suggest that a change in the binding properties of AMPA receptors contributes to the enhanced synaptic transmission observed at hippocampal synapses following LTP induction.
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MATERIALS AND METHODS
Subjects and Surgery. Adult male Long-Evans rats (250-300 g) were anesthetized with an i.p. injection of sodium pentobarbital (65 mg/kg) and implanted with a recording electrode in the hilus of the dentate gyrus and a bipolar stimulating electrode in the perforant path (9) . The electrodes consisted of Epoxylite-coated stainless-steel pins with the recording and stimulating surfaces formed by removing the insulation at the tips. The electrode tip lengths were 50 and 500 ,um for recording and stimulating electrodes, respectively.
Acute Electrophysiology. All electrophysiological testing was performed under surgical anesthesia. Extracellular field potentials evoked by single-pulse perforant-path stimulation pulses (0.1 msec, 0.05 Hz) were recorded in the dentate gyrus during a 10-min interval before and a 60-min interval following high-or low-frequency perforant-path stimulation (HFS or LFS). Fig. 1A represents the perforant-path stimulation parameters used to induce LTP. Subjects in HFS groups received either 20 (HF-20, n = 6), 100 (HF-100, n = 6), or 200 (HF-200, n = 6) pulses using the patterns in Fig. 1A . Six animals served as controls for nonspecific effects of intracranial brain stimulation and received LFS (1 Hz for 200 sec; 200 pulses). These groups allowed us to examine the effects of both the quantity and pattern of HFS on hippocampal LTP and glutamate receptor binding. Data from the HF-200 animals were as reported (10) . Current intensities were adjusted to elicit a 1-to 2-mV population spike (PS) in all subjects.
Binding Assays. One hour after HFS or LFS, the rats were decapitated and their brains were rapidly removed, frozen in -20°C isopentane, and stored at -70°C until sectioning. Frozen coronal sections (10 ,m) After exposure for 10-15 days, the films were developed for 3-5 min at room temperature in Kodak GBX developer and fixer. Autoradiographs were analyzed to determine the amount of ligand binding in five hippocampal subfields: DGmol, stratum radiatum/lacunosum-moleculare (CAlrad, CA3rad), and stratum oriens (CAlor, CA3or). In addition, binding in the thalamus and cerebral cortex overlying the dorsal hippocampus was quantified. Optical density measurements were made in each hemisphere, averaged across replicate sections, and transformed to specific binding. For statistical analysis, a "fractional binding" index was adopted. It consisted of the ratio of specific binding in hippocampal or thalamic regions to that in the overlying cortex, and served to reduce the within-and between-section variability in binding.
RESULTS

Perforant-Path Stimulation Parameters and LTP in the
Dentate Gyrus. ulation site (Fig. 1C) . The contralateral depolarization during HFS was polysynaptic-(latency =10 msec, consistent with a disynaptic pathway) and incremental (i.e., it markedly increased in magnitude during HFS). Moreover, although different in form from that in the ipsilateral dentate gyrus, it also resulted in LTP (e.g., compare PRE and POST responses in Fig. 1C ). This was apparent in all four animals tested under these conditions. In contrast, neither the HF-20 nor the HF-100 patterns of HFS were associated with commissural depolarization or polysynaptic LTP (data not shown Fig. 4 . Scatchard analysis indicated that AMPA receptor densities in the dentate gyrus were elevated with perforantpath LTP (Table 2) . Specifically, the number of sites (Bma.) formed with quantitative autoradiography. Therefore, we cannot categorically dismiss the possibility that changes in AMPA receptor affinity accompanied changes in Bmax or that LTP is associated with a change in the affinity of yet unidentified AMPA receptor states. Indeed, both of these changes might appear as an apparent increase in the number of binding sites. Second, AMPA receptors exist in at least two interconvertible affinity states (13) . Our autoradiographic data did not allow a clear distinction between the high-and low-affinity states, and the Kd we measured for [3H]AMPA was intermediate with respect to the values typically reported for the two states. Thus, we cannot be certain whether the observed changes in BmS, were associated with the high-or low-affinity state. However, recent evidence indicates that, under the conditions used in our experiments, [3H]AMPA binds primarily to low-affinity receptors localized at synaptic sites (S.S., unpublished data). The synaptic localization of low-affinity AMPA receptors is also suggested by the predominance of these receptors in solubilized membrane fractions (17) . Based on this evidence, it is reasonable to suggest that our saturation data reflect an increase in the number of low-affinity AMPA receptors.
In conclusion, these data, together with those reported previously (4-10), suggest that a selective change in the properties of postsynaptic AMPA receptors plays a role in the expression of hippocampal LTP in vivo. (18) . Together, these findings fit well with the large number of studies indicating that LTP is associated with a change in the properties of postsynaptic AMPA receptors and provide a plausible mechanism for the expression of long-term changes in hippocampal synaptic efficacy.
